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This study demonstrated electroosmotic pumping with 
high flow rate per unit area at a rather low applied voltage 
through an alumina nano-porous membrane driven by Platinum 
mesh electrodes. The electrode was placed perpendicular to, 
and had direct contact with nano-channel inlet to reduce the 
electric voltage drop in the reservoir. The complete set of the 
Poisson-Nernst-Planck equations for electrical potential and 
ionic concentration, coupled with the Navier-Stokes equation 
were solved for the purpose of a full understanding of the ionic 
transport and flow characteristics of EOF in nano-fluidics 
capillaries. The measured flowrate versus electrolyte (KCl) 
concentration reveals that the flowrate is usually high in low 
concentration (10-5 M~10-7 M) regime in which a maximum 
value also occurs. In addition, a remarkable surge of flow rate 
is observed when the concentration surpasses below 10-4 M.  
The maximum flowrate achieved from this study is 0.09 mL 
min-2V-1 cm-2 and the energy transfer efficiency is 0.43% at an 
operation voltage of 20V. The flowrates investigated in this 
study are comparable to other existing results whereas the 
corresponding operation voltage used this study is about one to 
two order lower than most existing results. Numerical results 
exhibit correct trends for nano flows involving strong overlap 
of electrical double layers. Comparisons of numerical and 
experimental results were made and discussed.  
1. INTRODUCTION 
Electroosmotic flow (EOF) in nano/micro-scaled devices has a 
variety of applications including electrokinetic nano/micro 
fluidics pumping, microelectronics cooling, and bio-analytical 
applications [1]. By manipulating the electrical double layer 
(EDL) between the electrolyte solution and dielectric channel  1
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applied electrical potential across a fine channel. In nano/micro 
scale channels, it becomes increasingly difficult to transport 
fluids by just imposing a pressure gradient. For instance, 
Conlisk et al. [2] showed that the pressure drop needed for a 
given flow rate can be above an unbearable values (> 3 atm). 
By contrast, for the same flow rate driven by EOF, the 
corresponding applied voltage can be as low as 1 Volt at a 
channel height of 10 nm. In this regard, the use of EOF to drive 
liquid flow at micro/nano scale dimension becomes a very 
common means to overcome this difficulty. However, 
electroosmotic flow generated by conventional electrodes may 
suffer from the need of high supplied voltage which not only 
raises the problem of electrolysis but electrical hazards as well.  
The problems of requiring a high operating voltage (ranging 
from several hundreds volts to several thousands volts) and of 
low thermodynamic efficiency (<1%) are the main two issues 
for practical EO pumps applications. Regardless of the 
drawback of the energy efficiency being reported are quite low 
(e.g. Zeng et al. 2001, 1.3% at 2kV; Chen and Santiago 2002, 
0.49% at 1kV; Reichmuth et al. 2003, 5.6% at 1 kV;  Wang et 
al. 2006,  2.2% at 6kV) [3-6], the forgoing studies all suffered 
from the need of rather high operational voltages. This high 
voltage may impede the applications of integration with micro-
electro-mechanical system (MEMS) and nanoelectro 
mechanical system (NEMS)  [3, 7-9]. Thus, it brings out the 
needs for new EO pumping systems with significantly lower 
operating voltages. Upon this requirement, several 
electrokinetic theoretical studies [10-13] indicated that the 
thermodynamic efficiency will attain a maximum when channel 
size is comparable to the thickness of electric double layer 
(EDL) and then the electrolyte becomes a unipolar liquid inside Copyright © 2008 by ASME
: http://www.asme.org/about-asme/terms-of-use
the channel. In a numerical analysis work of EO pumps by Yao 
and Santiago [10], the thermodynamic efficiency reaches a 
maximum of 6.5% when the non-dimensional pore size a* is 
2.5.  In their simulation work, a relative constant zeta potential 
ζ = -100mV is assumed, and a* is defined as pore size (a) 
divided by thickness of electric double layer (λ). Daiguji et al. 
[11] also showed that the efficiency attains its maximum when 
the Debye length of the solution is about half of the channel 
height. The numerical results by Min et al. [12] showed that a 
high efficiency of 15% is attainable at very narrow channels 
(a/λ = 2~5) with a relatively modest zeta potential of 60-125 
mV.  
All the previous studies had demonstrated that the maximum 
efficiency occurs when the channel size is of the same order 
magnitude as the EDL thickness. By contrast, the analytical 
results from van der Heyden et al. [13] suggested a further 
strongly overlapped double-layer regime will give rise to high 
efficiency. Their calculation suggested that the efficiency 
depends on the ratio of the channel height (h) to the Gouy-
Chapman length (λGC), and the electrokinetic energy 
conversion device could achieve a maximum efficiency of 12% 
when the double layers strongly overlapped with each other 
(h/λGC ≈ 8) for simple monovalent ions in aqueous solution. 
While most of the existing experimental studies were related to 
the exploitation of microchannels [3-4,6,8] in EOF 
applications, there were only a few papers [14-15] concerning 
with the EO flow in nano channels in which the EDL thickness 
is of the same order magnitude as the channel dimension. 
Although the foregoing theoretical results indicate that the 
energy efficiency will achieve a maximum when the pore size 
is comparable to the thickness of EDL, no direct experimental 
data has been made by using nano channel. As a consequence, 
one of the objectives of this study is to see the associated 
influence on the performance of EO pump.  
In this study, the characteristics and performance of an 
electroosmotic flow through alumina nano-porous membrane 
will be presented with efforts toward a low operating voltage 
and high energy transfer efficiency EO pump using Pt mesh 
electrodes. In addition, the effects of applied voltage, pore size 
of alumina nano-porous membrane, and aqueous concentration 
(KCl) are investigated to examine the optimum EO pump 
operational conditions. The characteristics of EO flow in using 
nanopipe, such as conductance saturation, output flow rate, and 
energy transfer efficiency, are discussed. Lastly, the full 
Poisson-Nernst-Planck (PNP) equations for electrical potential 
and ionic concentrations, as well the Navier-Stokes equation 
with extra electrical potential source term are solved 
completely with the aim of fully understanding the ion 
transport and flow characteristics in cylindrical nano-pores. 
The model results will be compared to experimental data. 
2. EXPERIMENTAL SETUP  
The schematic of the experimental setup is shown in Fig. 1. 
The nano fluidics includes a holder which contains a porous 
alumina membrane (Whatmann Inc.), a Pt-electrode mesh and a  
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perpendicular and located at the nano-channel inlet to provide a 
uniform electric field and to reduce the electric voltage drop in 
the reservoir. 
The Pt mesh was prepared by evaporating 500 nm thick layer 
Pt on stainless steel mesh (TWP Inc.). The wire diameter and 
mesh spacing of stainless steel is 30 μm and 33 μm, 
respectively. Three different membranes having nominal pore 
sizes of 20, 100, and 200 nm with a pore density of 1011, 4×109, 
and 109 cm-2 were studied in present experiment. The diameter 
and thickness of the membrane are 2.1 mm and 60 μm, 
respectively. The fluid within the channel was driven by the 
provided electric field (power supplier, GW Instek GPR-
11H30D) and the resultant flow rate and current were measured 
by an electronic balance meter (AND GF300) and a multi-
meter (YOKOGAWA WT230) as depicted in Fig. 1. 
3. MATHEMATICAL MODEL AND NUMERICAL 
METHOD  
The coupled Poisson-Nernst-Planck equation for electrical 
potential (eq.1), ionic concentrations (eq. 2) and Navier-Stokes 
equation with extra electrical potential source term (eq. 3) are 
solved completely in cylindrical coordinate:   
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Where ρe is surface charge ( ), z is valance, n∑=
i
iie nzρ i is the 
number density of ions of species i, ψ is composed of external 
electric potential and electric potential in the EDL, Di is the 
diffusivity if ion species i, kb is the Boltzmann constant, εr is 
the dielectric constant of solution, and ε0 is the permittivity of 
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iE ψ= −∇  is the electric field (a vector).  
The simulations were performed using the finite volume 
computer code from ESI group (CFD-ACE+). A user 
subroutine was developed in this study for the extra electrical 
potential source term in the momentum equation. 
Computational parameters and physical properties are tabulated 
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DoTable 1: Computational parameters and physical properties 
 
Variables value[unit] 
Diffusivity if ion species D+ (K+) 1×10-9 [m2/s] 
Diffusivity if ion species D- (Cl-) 2×10-9 [m2/s] 
Boltzmann's Constant kb 1.602×10-19 [C] 
Na 6.022×1023 [1/mol] 
Dielectric constant of electrolyte εr 74 
Permittivity of vacuum ε0 8.854×10-12 [C/Vm] 
Fluid density ρ 1×103 [kg/m3] 
Fluid viscosity μ 1×10-3 [Pa.s] 
Temperature T 298[K] 
Ion density n0 [M L-1]  
Valence of species z 1 
Electron charge e 1.69E-19 [C] 
4. EXPERIMENTAL RESULTS  
4.1 Effect of channel size 
Figure 2(a) shows the flow rate versus applied electric voltage 
of the porous alumina membranes having diameters of 20 nm, 
100 nm, and 200 nm, respectively. As expected, the flow rate 
increases as pore diameter increases at a fixed voltage. Note 
that there was no direct conduction of current through anodic 
membrane because the current-volatge characteristic with DI 
water shows a linear trend even at an applied voltage of 80V, as 
seen in Fig. 2(b), suggesting a good condition of electroosmotic 
pumping up to 80 V. 
The driving force of electroosmotic flow is related to the 
external electric field without any supplied pressure gradient. 
The measured backpressure Pmax is used to calculate the energy 
transfer efficiency (Eff). The backpressure Pmax is defined as the 
pressure being generated by the pump at the condition of zero 
net flow rate. The definition of the energy transfer efficient is 
Eff = 0.25QPmax/EI, where Q, Pmax, E, and I are the output flow 
rate, backpressure, applied electric potential, and measured 
current, respectively. 
The characteristic of EO pump performance is shown in Fig 3. 
For a given voltage, the backpressure (Pmax) is directly 
proportion to the applied voltage (Fig 3a), but it is inversely 
related to the channel size.  The electric double layer (EDL) is 
strongly overlapped in smaller channel (20 nm). The 
corresponding EDL thickness can be estimated according to the 





Tkbrεελ = .  The parameters are listed in Table 1. 
Assume the permittivity εr  of KCl is 74, the Debye length of 
KCl electrolyte ranged from 960 nm to 9.6 nm for a 
concentration span from 10-7M to 10-3M. 
For a smaller channel (20 nm), the influence of EDL 
overlapped is increased, leading to higher ionic concentration 
and mobility inside the channel. As a result, higher  3
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three different pore sizes (20 nm, 100 nm, and 200 nm) with 
applied electric filed is plotted in Fig. 3b. As seen in the figure, 
the maximum energy transfer efficiencies decreased with the 
rise of supplied voltage for all the pore diameters. For a low 
applied voltage (20V), the efficiencies are near 0.28%, 0.43%, 
and 0.35% for pore diameter of 20 nm, 100nm, and 200 nm. 
The possible reason for the drop of efficiency is bubble 
formation from water electrolysis at high electric field, causing 
a blockage of the nano-channel.  
4.2 The effect of aqueous ionic concentration  
The effect of ionic concentration plays an important role of 
changing the thickness of electric double layer for it varies the 
concentration of charged ion along the channel. Figure 4 shows 
the relevant influence on the measured flow rate subject to an 
external electric field for three pore dimensions, while the 
electrolyte concentration solution of KCl varies from 10-7 M to 
10-3 M.  As seen, regardless of the influence of pore diameter, 
the measured flow rate vs. concentration reveals two distinct 
characteristics. Firstly, the flow rate is usually high in low 
concentration (10-5 M~10-7 M) in which a maximum value 
occurs. Secondly, a remarkable surge of flow rate is seen when 
the concentration is below 10-4 M.  The flow rate peaks at low 
concentration is attributed to (1) decrease of the Zeta potential 
at very low ionic concentration (< 10-6 M), and (2) a rapid 
voltage drop in the nano-pore entrance.  The zeta potential of 
channel wall surface is dependent on the ionic strength of 
electrolyte solution [16-17]. Ionic transport is governed by 
surface charge in nanofluidic channels [18]. Modi and 
Fuerstenau (1957) had clearly showed the different behavior of 
a positively charged alumina surface pertaining to Cl- and Na+. 
They indicated that the maximum zeta potential peaks at the 
2×10-6 M NaCl aqueous concentration, and the zeta potential is 
reduced considerably when the concentration is larger than 10-4 
M. Huang and Yang (2007) [19] also pointed out that the 
surface charge density is insensitive to the concentration in the 
low-salt regime. In summary to the forgoing discussions, the 
flow rate thus peaks at the (10-5 M~10-7 M), and it drops 
significantly when the concentration is increased to 10-4 M in 
present study. 
In explanation of the second cause regarding to the rapid 
voltage drop occurring in the nano-pore entrance at low 
concentration, one can find out a recent study carried out by 
Conlisk et al. [2]. They also indicated a rapid voltage drop 
phenomenon at the nano-pore entrance, and it will lead to a 
maximum volumetric flow rate at a low concentration regime. 
Figure 5a and 5b show the measured current and ionic 
conductance (S=I/E) of the nano-pore with a diameter of 20 
nm. The electrical conductance is obtained by S = I/E. Where I 
is the ionic current, and E is the parallel electric field. The 
measured electrical current (Fig. 5a) and electrical conductance 
(Fig. 5b) increased linearly with concentration (n) at high 
concentration region (10-3~10-5 M), and a further reduction of Copyright © 2008 by ASME
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concentration to 10-5~10-7 results in a striking saturation regime 
in which both conductance and current was virtually 
independent of concentration. The present experimental results 
agree well with the conductance measurements reported by 
Karnik et al. [20] and Stein et al. [18]. Based on the evidence of 
the conductance saturation at low concentration, it is no 
surprise that the voltage drop caused by the nano-pore entrance 
at low concentration may lead to a larger flow rate in low 
concentration region. 
4.3 The performance of the low-voltage EO pump 
As mentioned earlier that one of the benefits of the present EO 
pump is its extremely low operation voltage. Hence it would be 
interested to compare this feature with other existing setups. By 
including the present test results along with the previous 
comparisons made by Vajandar et al. (2007)[15], the resultant 
flow rate vs. applied voltage is seen in Fig. 6a. The detailed 
listing of the literatures is also tabulated in Table 2 for 
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0.09 mL min-1 V-1 cm-2 at an operation voltage of 20V for the 
pore diameter of 200 nm with an electrolyte concentration of 
10-6 M (Fig. 4c). The measured flowrate is comparable to the 
existing results whereas the corresponding operation voltage of 
this study is about one to two order of magnitude lower than 
most existing results. The maximum thermodynamic efficiency 
is about 0.43% with an operation voltage of 20V for the pore 
diameter of 100 nm with electrolyte of DI water (Fig 3b). 
Figure 6b presents the maximum thermodynamic efficiency 
achieved in this study along with the efficiency that has been 
reported for the past decade [3-4,6,8,14]. The relevant 
efficiencies data are also tabulated in Table 2. It can be seen 
that even at an extremely low operation voltage of 20 V, the 
measured flow rate is still quite high when compared to most 
existing results. Nevertheless, the efficiency even exceeds 
many previous works operated at hundreds or thousands volts.   the Table 2: Comparison of operated voltage, generated maximum flow rate, pressure and thermodynamic efficiency reported in
literatures.  
 Legend 




[ml/min] Total Area [cm





[1] Chen & Santiago, 2002[4] 1000 0.015 3.42E-04 0.0439  0.033 0.49 
[2] Jiang et al., 2002[21] 200 7 7.07E+00 0.0050  0.16 None 
[3] Gan et al., 2000[22] 500 3 9.62E+00 0.0006  0.15 None 
[4] Guenat et al., 2001[23] 1500 0.003 9.00E-04 0.0022  None None 
[5] McKnight et al., 2001[24] 40 0.072 1.00E+00 0.0018  None None 
[6] Tripp et al., 2004[25] 50 0.41 1.33E+00 0.0062  0.013 None 
[7] Vajandar et al., 2007[15] 3 None None 0.1250  None None 
[8] Wang et al., 2006[6] 6000 0.0024 7.85E-05 0.0051  0.3 0.4 
[9] Yao et al., 2003[8] 100 33 1.52E+01 0.0217  0.13 0.3 
[10] Yao et al., 2006[14] 25 3.2 1.00E+00 0.1280  0.006 0.003-0.05 
[11] Zeng et al., 2001[3] 2000 0.0035 2.21E-03 0.0008  2.35 1.3 
[12] Zeng et al., 2002[26] 1250 1.2 7.85E-01 0.0012  0.27 None 
  Present 20 1.95 1.08E+00 0.0903  0.024 0.43  
5. NUMERICAL RESULTS  
The PNP equations with Navier-Stokes equations were solved 
along a capillary with diameter of 100nm, and 200nm. Figure 7 
shows the 2D axi-symmetric computational domain, where the 
total length Lx is 5 μm, and the radius R is 50 nm, and 100 nm. 
Radius and length of reservoirs Rr and Lr are 0.5 μm and 1 μm. 
The surface charge density (ρe) is -10-4C/m2 on the capillary 
surface and the applied electric potential is on the right 
reservoir. The aqueous solution is KCl. The computational 
parameters and physical properties are tabulated in Table 1. 
5.1 Validation of present model For the validation of present numerical method, the 
configuration described in Daiguji et al. [4] was chosen the 
benchmark case. The bulk concentration of KCL aqueous 
solution and pressure bias between two ends of the channel are 
assumed to be 10-4 M and 0.5 MPa. The surface charge density 
is -10-3 C/m2. Figure 8 shows the (a) calculated pressure, (b) 
electric potential and (c)ionic concentration profiles along the 
axis of symmetry. Figure 9 shows the (a)pressure, (b)electric 
potential, and (c) ionic concentration profiles in the y direction 
at x=3.5 μm. Except for the concentration profiles along the axis 
of symmetry, all other results show good comparison with the 
results of Daiguji et al. [4]. By examining both profiles along x-
axis and y-axis, it is evident that the values plotted in [4] are the 
cross-section averaged values in stead of the values along the Copyright © 2008 by ASME
: http://www.asme.org/about-asme/terms-of-use
Dowsymmetric axis. The benchmark comparison study shows 
satisfactory results using the current PNP solution methods.  
5.2 The effect of applied voltage and aqueous ionic 
concentration 
Figure 10 indicates the effect of applied potential bias (1V, 5V, 
and 10V) on electric potential profiles along the axis of the pipe 
with different ionic concentration (from 10-7M~10-4M). The 
radius of nano-pore is 100nm. The electrical field strength 
increased linearly as the applied potential bias increased at 
higher concentration (10-4M and 10-5M). However, rapid electric 
(voltage) drops at the nano-pore entrance region are observed at 
lower concentration (10-6M and 10-7M). This phenomenon may 
explain the higher flow rate obtained experimentally (see Fig. 4) 
when ionic concentration decreases. 
The anion and cation concentration profiles for the case of 
potential bias 5V along the axis of symmetry are shown in 
Fig.11. When the bulk concentration is low (Fig. 11a), the 
distributions are uniform within the nano-pore and smoothly 
change to reservoir conditions; however the ions are seen to 
accumulate at the outlet region when the bulk ion concentration 
is 10-5M or higher (Fig. 11b). Ionic distributions in the y (radial) 
direction at x=3.5 mm are plotted in Fig 12. The solution is 
unipolar and EDLs strongly overlap in low concentration case 
(Fig.12a, 10-6M). For high concentration (Fig.12b, 10-4M), the 
solution is neutral towards the center of nano-pore and EDL 
thickness is smaller than the pore radius.  
Normalized velocity profiles (V/Vmax) for pore radius of 50nm 
and 100 nm in the y direction at x=3.5 μm are shown in Fig. 13. 
It is obvious that the velocity profiles change from parabolic-
like to more slug-like when concentrations increase. The ratios 
of maximum velocity to averaged velocity are shown in Fig. 14. 
The ratio changes from 2 to nearly 1.6 when concentration 
increases from 10-7M to 10-4M for the 200nm-diameter pore. 
Compared to 200nm-pore case, the decreases of the ratios for 20 
nm and 100nm pores are much milder.  
6. DISCUSSIONS AND CONCLUSIONS  
The present study has successfully demonstrated a low-voltage 
electroosmotic (EO) pumping system by using Platinum mesh 
electrodes to drive electrolyte fluids through alumina nano-
porous membranes (with three different pore diameters, 200 nm, 
100 nm and 20 nm). The Pt mesh electrode is perpendicular to, 
and has direct contact with the nano-pore inlet. Some major 
results from this study include: 
(1) It is found that the design of perpendicular mesh electrode 
can effectively reduce the electric voltage drop in the 
reservoir. 
(2) The flow rate increases with pore diameter whereas the 
energy transfer efficiency decreases with the rise of supplied 
voltage for these three different pore sizes. This is because 
bubble formation from water electrolysis at high voltages 
may give rise to a blockage of the nano-channel. For a low 
applied voltage (20V), the energy transfer efficiencies are  5
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100nm, and 200 nm.  
(3) The measured flowrate vs. KCl electrolyte concentration 
reveals two distinct characteristics. First, the flowrate 
increases when the bulk concentration of the solution 
decreases and reaches a maximum value at about 10-6 M. 
Second, a remarkable surge of flow rate is observed when the 
concentration surpasses below 10-4 M.  The peaked flow 
rate at low concentration is attributed to Zeta potential change 
at this ionic concentration range and is system-specific. In 
addition, a rapid voltage drop near the nano-pore entrance 
region at low concentrations also contributes to this 
phenomenon. 
(4) The maximum flow rate achieved from this study is 0.09 mL 
min-1 V-1 cm-2 at an operation voltage of 20V, and it is 
comparable to the existing results whereas the corresponding 
operation voltage of this study is about one to two order 
lower than most existing results. The thermodynamic 
efficiency in these operational conditions is about 0.43%. It is 
shown that even at an extremely low operation voltage of 20 
V, the measured flowrate is still quite high when compared to 
most existing results. Nevertheless, the efficiency even 
exceeds many previous setups operated at hundreds or 
thousands volts. 
(5) Numerical simulations of the nano-pore flows indicate 
strong EDL overlapping and ionic depletion/enrichment 
phenomena. Since surface charge density was not measured 
in this study, the comparison of the calculated averaged 
velocities with experimental results can only be done 
qualitatively, as shown in Fig. 15. For qualitative comparison, 
experimental and numerical results both show that average 
velocity increases with applied electric field and channel size 
(100-200nm).  For quantitative mismatch, we conjecture 
that the applied surface charge density (as boundary 
condition at pore surface) in numerical model may not reflect 
actual experimental conditions. In addition, the surface 
charge may vary with bulk concentration [18, 20]. This 
aspect will be considered in our future numerical work. 
ACKNOWLEDGMENTS 
The authors highly appreciate the financial supports from 
the Department of Industry of the Ministry of Economic Affairs. 
REFERENCES 
 
[1] Laser DJ and Santiago JG, (2004) A review of micropumps. 
J. Micromech. Microeng. 14:R35-R64 
[2] Conlisk AT, Kumar A, and Rampersaud A (2007) Ionic and 
biomolecular transport in nanochannels. Nanoscal and 
Microscale Thermophysical Engineering 11:177-199 
[3] Zeng SL, Chen CH, Mikkelsen JC and Santiago JG (2001) 
Fabrication and characterization of electroosmotic 
micropumps. Sens. Actuators B 79: 107–14 
[4] Chen CH and Santiago JG (2002) A planar electroosmotic 
micropump. J. Microelectromech. Syst. 11 (6):672-683 Copyright © 2008 by ASME
e: http://www.asme.org/about-asme/terms-of-use
[5] Reichmuth DS, Chirica GS, and Kirby BJ (2003) Increasing 
the performance of high-pressure, high-efficiency 
electrokinetic micropumps using zwitterionic solute 
additives. Sens. Actuators  B 92: 37-43 
[6] Wang P, Chen Z, and Chang HC (2006) A new electro-
osmotic pump based on silica monoliths. Sens. Actuaors. B 
113:500–509 
[7] Takamura Y, Onoda H, Inokuchi H, Adachi S, Oki A, and 
Horiike Y (2003) Low-voltage electroosmosis pump for 
stand-alone microfluidics devices. Electrophoresis 24:185-
192 
[8] Yao S, Hertzog DE, Zeng S, Mikkelsen Jr. JC, and Santiago 
JG (2003b) Porous glass electroosmotic pumps: design and 
experiments. J. Colloid Interface Sci. 268:143–53 
[9] Brask A, Kutter JP, and Bruus H (2005) Long-term stable 
electroosmotic pump with ion exchange membranes. Lab on 
a Chip 5:730-738 
[10] Yao S. and Santiago JG (2003a) Porous glass 
electroosmotic pump: theory. J. Colloid Interface Sci. 
268:133-142. 
[11] Daiguji H, Yang P, Szeri AJ, and Majumdar A (2004) 
Electrochemomechanical energy conversion in nanofluidic 
channels. Nano Letters 4(12):2315-2321 
[12] Min JY, Hasselbrink EF, and Kim SJ (2004) On the 
efficiency of electrokinetic pumping of liquids through 
nanoscale channels, Sens. Actuators B 98:368–377 
[13] van der Heyden FHJ, Bonthuis DJ, Stein D, Meyer C, and 
Dekker C (2006) Electrokinetic energy conversion 
efficiency in nanofluidic channels. Nano Letters 6(10):2232-
2237 
[14] Yao S, Myers AM, Posner JD, Rose KA, and Santiago JG 
(2006) Electroosmotic pumps fabricated from porous silicon 
membranes. J. Microelectromech. Syst. 15( 3): 717-728 
[15] Vajandar SK, Xu D, Markov DA, Wikswo JP, Hofmeister 
W and Li D (2007) SiO2-coated porous anodic alumina 
membranes for high flow rate electroosmotic pumping. 
Nanotechnology 18: 275705, 2007 
[16] Modi HJ, and Fuerstenau, DW (1957) Streaming potential 
studies on corundum in aqueous solutions of inorganic 
electrolytes. J. Phys. Chem. 61:640 
 
 
Fig. 1: The schematic of experimental setup. 
 
 
Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of [17] Hunter RJ (1981) Zeta Potential in Colloid Science: 
Principles and Applications, Academic Press Inc., London 
[18] Stein D, Kruithof M, and Dekker C (2004) Surface-charge-
governed ion transport in nanofluidic channels. Phys. Rev. 
Letters 93(3):035901 
[19] Karnik R, Fan R, Yeu M, Li D, Yang P, and Majumdar A 
(2005) Electrostatic control of ions and molecules in 
nanofluidic transistors. Nano Letters 5(5):943-948 
[20] Huang KD, and Yang RJ (2007) Electrokinetic behaviour 
of overlapped electric double layers in nanofluidic channels, 
Nanotechnology 18:115701(6pp) 
[21] Jiang L, Mikkelsen J, Koo JM, Huber D, Yao S, Zhang L, 
Zhou P, Maveety JG, Prasher R, Santiago JG, Kenny TW, 
and Goodson KE (2002) Closed-loop electroosmotic 
microchannel cooling system for VLSI circuits. IEEE Trans. 
Compon. Packag. Technol. 25:347-355 
[22] Gan WE, Yang L, He YZ, Zeng RH, Cervera ML, and de 
la Guardia M (2002) Mechanism of porous core 
electroosmotic pump flow injection system and its 
application to determination pf chromium (VI) in waste-
water. Talanta 51:667-675 
[23] Guenat OT, Ghiglione D, Morf WE, and De Rooij NF 
(2001) Partial electroosmotic pumping in complex capillary 
systems Part 2: Fabrication and application of a micro total 
analysis system(μTAS) suited for continues volumetric 
nanotitrations. Sens. Actuators B 72:273-282 
[24] McKnight TE, Culbertson CT, Jacobson SC, and Ramsey 
JM (2001) Electroosmotically induced hydraulic pumping 
with integrated electrodes on microfluidic devices. Anal. 
Chem. 73:4045-4049 
[25] Tripp JA, Svec F, Fréchet JMJ, Zeng S, Mikkelsen JC, and 
Santiago JG (2004) High-pressure electroosmotic pumps 
based on porous polymer monoliths. Sens. Actuators  B 
99:66-73 
[26] Zeng S, Chen CH, Santiago JG, Chen JR, Zare RN, Tripp 
JA, Svec F, and Fréchet JMJ (2002) Electroosmotic flow 















0 20 40 60 80 100
























































Fig 2 (a) Flow rate versus electric voltage, and (b) current –
voltage characteristic of 20nm, 100nm, and 200nm porous 





























































Fig 3 (a) Pmax, and (b) energy transfer efficiency versus electric 





























































































































































































Fig 4 Flow rate versus KCl aqueous concentration of (a) 20 nm, 
(b) 100 nm, and (c) 20 nm porous diameter for electric voltage 














































































Fig 5 (a) The electrical current, and (b) electrical conductance 






Fig 6: (a) Comparison of the flow rate between this study and 
other literatures listed in Table 1, and (b) comparison of the 
efficiency between this study and previous literatures. 7 Copyright © 2008 by ASME
se: http://www.asme.org/about-asme/terms-of-use
 
Fig 7: Computational domain and grid (150×12) inside a nano 
pipe with radius R of 50 nm, length Lx of 5 μm. The length Lr 
and radius Rr of reservoirs are 1 μm and 0.5 μm. 
 
Fig 8 (a)Pressure, (b) electric potential, and (c) concentration 
profiles along the axis of symmetry. 
 
Fig 9 (a)Pressure, (b) electric potential, and (c) concentration 
profiles in the y direction at x=3.5 μm. 
 
Fig 10: The effect of potential bias on electric potential profiles 
along the axis of symmetry (R=50nm). (a) 10-7M, (b)10-6M, (c) 
10-5M, and (d) 10-4M.  































Fig 11: The effect of potential bias on ionic density profiles 
along the axis of symmetry (R =50nm). (a)10-6 M, (b) 10-4 M  8
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Fig 12: Ionic density profiles in the y direction of different bulk 
concentration at x=3.5 μm. (R =100nm). (a)10-6 M, (b) 10-4 M 



































Fig 13: Non-dimensionl (V/Vave) velocity profile of (a) r=50 
nm, and (b) r=100 nm in the y direction at x=3.5 μm of different 
bulk concentration.  
 
 
Fig 14 Comparison of the ratio of maximum velocity to average 
velocity Vmax/Vave of d=20nm, 100nm, and 200nm at different 
concentration (x=3.5 μm)  
 
Fig 15: Comparison average velocity between experimental and 
numerical result 
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